ABSTRACT: Endotracheal tube (ETT) suction is the most frequently performed invasive procedure in ventilated newborn infants and is associated with adverse effects related to negative tracheal pressure. We aimed to measure suction catheter gas flow and intratracheal pressure during ETT suction of a test lung and develop a mathematical model to predict tracheal pressure from catheter and ETT dimensions and applied pressure. Tracheal pressure and catheter flow were recorded during suction of ETT sizes 2.5-4.0 mm connected to a test lung with catheters 5-8 French Gauge and applied pressures of 80 -200 mm Hg. The fraction of applied pressure transmitted to the trachea was calculated for each combination, and data fitted to three nonlinear models for analysis. E ndotracheal tube (ETT) suction is the most frequently performed invasive procedure in ventilated newborn infants, and is important to maintain ETT patency and to prevent complications of secretion retention (1,2). It is associated, however, with the potential for significant adverse effects including loss of lung volume, hypoxemia, and localized injury to the tracheobronchial tree (3-11). The cause of these adverse effects may be the exposure of the tracheobronchial tree to negative pressure (5, (12) (13) (14) .
E ndotracheal tube (ETT) suction is the most frequently
performed invasive procedure in ventilated newborn infants, and is important to maintain ETT patency and to prevent complications of secretion retention (1, 2) . It is associated, however, with the potential for significant adverse effects including loss of lung volume, hypoxemia, and localized injury to the tracheobronchial tree (3) (4) (5) (6) (7) (8) (9) (10) (11) . The cause of these adverse effects may be the exposure of the tracheobronchial tree to negative pressure (5, (12) (13) (14) .
The chief determinants of intratracheal pressure during suction are thought to be applied suction pressure (P suction ) and catheter size relative to ETT size (14, 15) . The effect of suction on intratracheal pressure has been evaluated in vitro and in vivo for adult ETT and catheter sizes (16, 17) , and in vivo studies have examined the effects of P suction and the relationship between ETT and suction catheter size on changes in oxygenation, respiratory mechanics, and cardiovascular dynamics (5, 18, 19) . Although larger catheters and higher P suction are found to generate lower intratracheal pressure than smaller catheters, the exact relationship between these variables has not been determined (16, 17, 20) .
In an in vitro lung model, intratracheal pressure was found to be inversely related to the cross-sectional area between the ETT and catheter for neonatal and pediatric ETT sizes during suction (using an applied pressure of 500 mm Hg) (20) . However, this relationship was not mathematically defined. Rosen and Hillard (21) derived an equation to quantify intratracheal pressure in terms of ETT and suction catheter dimensions and applied suction pressure, but this equation did not account for the annular shape of the area between the ETT and catheter and has not been verified empirically (15) .
The aim of this study was, in an in vitro lung model, to measure intratracheal pressure and catheter gas flow (VЈ catheter ) over the range of clinically used P suction for neonatal ETTs and suction catheters. In addition, we aimed to develop a mathematical model to define the relationship between the intratracheal pressure generated during suction and ETT size, suction catheter size, and P suction .
MATERIALS AND METHODS
Ethical approval is not required for bench-top experiments in our institution. The study was performed using an infant test lung (Michigan Instruments 560li, Grand Rapids, MI) with a maximum volume of 150 mL. An uncuffed ETT (Mallinckrodt, Rowville, Victoria, Australia) was connected to the "trachea" of the test lung with an ETT adaptor and sealed with silicon to prevent any leak. ETT leak was specifically excluded from the system as it occurs primarily during the higher tracheal pressure conditions of inspiration (22) , and is thus unlikely to occur during the negative tracheal pressure conditions of suction. No resistance was added to the test lung and the compliance was set to 1 mL/cm H 2 O.
For each suction episode, and with the system open to atmosphere, a catheter (Mallinckrodt, Rowville, Victoria, Australia) was inserted to the tip of the ETT and suction was applied for 6 s, the typical duration of suction in our institutions, using a suction regulator (PM3000, Precision Medical Inc., Northampton, PA). The applied pressure of the regulator was set using a Timeter pressure measurement device (Timeter RT-200, St. Louis, MO) with the suction tubing occluded. Suction episodes were performed with sizes 5, 6, 7, and 8 French Gauge (FG) suction catheters (of length 30 cm), and with suction pressure settings of 80, 120, 160, and 200 mm Hg in endotracheal tubes of internal diameter 2.5, 3.0, 3.5, and 4.0 mm. For each combination, six suction episodes were performed at 6-s intervals.
Intratracheal pressure was monitored at the distal end of the ETT with the Timeter pressure measurement device via low compliance pressure monitoring tubing (Saint-Gobain, Akron, OH). Preliminary testing confirmed that maximum intratracheal pressure change from atmospheric pressure (⌬P) was reached within 1 to 2 s of suction onset and did not vary thereafter; thus, this point was manually recorded during each suction episode as soon as a stable reading was obtained. VЈ catheter was measured using a hot wire anemometer (Florian Respiration Monitor, Acutronic Medical Systems AG, Zug, Switzerland) incorporated into the circuit between the suction catheter and the suction regulator. The flow signal was digitally acquired at 200 Hz using a virtual instrument created in LabVIEW™ 6.0 (National Instruments, Austin, TX).
Data analysis. For each catheter size, mean (ϮSD) ⌬P during suction was plotted against P suction . Linear regressions were performed with zero offset according to the equation, ⌬P ϭ k ϫ P suction , as when P suction equals zero, tracheal pressure was defined as atmospheric pressure and hence ⌬P equals zero.
Each flow tracing was reviewed manually by the same investigator. In all cases, the flow reached a steady state within 2 s of initiating suction. Some recordings contained artifact, hence to eliminate its effect VЈ catheter was averaged over the final 3 s of each 6-s suction episode. For each catheter size, mean (Ϯ SD) VЈ catheter was plotted against P suction . In the presence of laminar flow, the gas flow in a pipe is directly proportional to the pressure drop across the pipe (23) . Therefore, if ⌬P is assumed to be directly proportional to P suction (21) , VЈ catheter should be as well. To test this hypothesis, we performed linear regressions with no offset according to the equation, VЈ catheter ϭ k ϫ P suction . However, if catheter gas flow is assumed to be turbulent, VЈ catheter is expected to be proportional to the square root of the pressure drop across the catheter (23) . This model was tested by performing nonlinear regressions using the formula:VЈ catheter ϭ k ϫ ͱP suction . To determine flow conditions likely to exist within the catheter during typical conditions of ETT suction, the Reynolds number 1 was calculated post hoc for all VЈ catheter results. Based on Rosen and Hillard's model, in which the pressure generated in the trachea is directly proportional to that generated by the suction regulator (15), the ⌬P measurements were divided by corresponding P suction to produce the fraction of suction pressure transmitted to the trachea (TP). TP was plotted (for each suction catheter size) against cross-sectional area difference (Table  1) and data were compared with Rosen and Hillard's model (21) using Pearson's product-moment correlation coefficient. Data were also subjected to nonlinear regression analysis using a modified version of Rosen and Hillard's model and an exponential decay model. Details of the three models are given below. Model 1. Rosen and Hillard's equation defines tracheal pressure as proportional to the ratio of the conductance (reciprocal of resistance) to gas flow of the catheter to the total conductance of gas flow between the suction apparatus and atmosphere (the sum of catheter conductance and ETT conductance with catheter inserted) (21):
where C is the suction catheter internal diameter (mm); E, ETT internal diameter (mm); S, suction catheter external diameter (mm). This equation formulates that ⌬P is directly proportional to P suction . Given that;
where A is the cross-sectional area of the space between the ETT and suction catheter (mm 2 ). Rosen and Hillard's equation can be rearranged to show the relationship between TP and A:
where TP ϭ ⌬P/P suction . Model 2. Rosen and Hillard's equation (21) was modified to account for the uncertain resistance of the space between the ETT and suction catheter and fitted to the data. The modified equation includes a constant k, the value of which was determined from nonlinear regression analysis:
Finally, an exponential decay model was fitted to the data, in which the constant, k, was determined by nonlinear regression:
TP ϭ e ϪkA Differences in ⌬P and VЈ catheter for each increment in suction catheter size were analyzed using Student's t tests, with a p value of Ͻ0.05 considered statistically significant. All regression analyses were performed using the method of least squares and were analyzed using Pearson's product-moment correlation coefficient with the SigmaPlot 6.0 software package (SPSS Inc., Chicago, IL). Stata™ statistical software (Version 8.0, Stata Corporation, College Station, TX) was used for other statistical analysis. Values in text and figures are mean Ϯ SD.
RESULTS
Intratracheal pressure. ⌬P was found to be directly proportional to P suction for all combinations of ETT and suction catheters tested (r 2 ϭ 0.82-0.99; Fig. 1 ). For every ETT size, the slope of the line increased with increasing catheter size. ⌬P was significantly greater for any increase in catheter size for all combinations of ETT and P suction (p Ͻ 0.0001).
Suction catheter gas flow rate. The linear, directly proportional relationship tested between P suction and VЈ catheter was found to have poor correlation with the data (r 2 ϭ 0.00 -0.61 for all combinations). However, when data were tested with nonlinear regression assuming turbulent flow, correlation was good (R 2 ϭ 0.85-0.96; Fig. 2 ). VЈ catheter was significantly greater for each incremental increase in catheter size for all ETT sizes over the range of P suction (p Ͻ 0.0001).
Catheter flow conditions. Table 2 shows the calculated Reynolds numbers for the data set. Under the test conditions, turbulent flow tends to occur with catheter sizes 7 and 8 FG, regardless of the ETT with which they are used. The 6 FG catheter also tends to have turbulent flow, except with the smallest ETT (2.5 mm) and lowest P suction (80 mm Hg). The 5 FG catheter is likely to have laminar flow at lower P suction and turbulent flow at higher P suction .
1 Formula used to calculate Reynolds number is Re ϭ ϫ ϫ d/, where is gas density (kg/m 3 ), is average gas velocity in the catheter (m/s), d is catheter diameter (m), and is dynamic gas viscosity (Pa⅐s) (23) . This formula only holds true for Newtonian fluids, but given the pressure changes within our system are relatively small compared with absolute pressure, it is considered as a reasonable estimate for this application. Percentage occlusion ϭ 100 ϫ (ETT internal cross sectional area/catheter external cross sectional area), Area difference ϭ ETT internal cross sectional area Ϫ suction catheter external cross sectional area, mm 2 ), Bold denotes combinations recommended by Shann (25) .
Tracheal pressure modeling. Correlations between the three models and the data are given in Table 3 . Of all the models, the modified version of Rosen and Hillard's equation (Model 2) was found to fit the data most accurately (R 2 Ͼ0.98; Fig. 3 ). The constant, k, generated by the regression analyses, was different for each catheter size (Table 3) . For all sizes analyzed, the value of k was greater than the constant in Model 1, and the 99% CI did not include this value. This analysis was not performed for 8 FG catheters as only two ETT sizes were suctioned using this catheter size.
DISCUSSION
This study shows that large catheters and high suction pressures are associated with both high catheter gas flows and large negative tracheal pressures during ETT suction. Our data provide quantitative information about the negative pressure likely to be delivered to the trachea during ETT suctioning after a steady state has been reached.
The direct proportionality found between ⌬P and P suction confirms the relationship proposed by Rosen and Hillard (21). Morrow et al. (20) reported a comparison between three different suction pressure settings of 200, 360, and 500 mm Hg, but did not analyze the relationship further. In addition, they reported the effect of different size catheters for each ETT, showing considerable increases in ⌬P when larger catheters are used, which agrees with our findings. Although guidelines recommend avoiding high suction pressures (13, 24) , this study found that for a given ETT it is the combination of catheter size and suction pressure that determines the level of intratracheal pressure; thus, the two variables cannot be considered independently.
Rosen and Hillard developed a theoretical model (Model 1) where ⌬P could be determined from the applied suction pressure, catheter internal diameter, catheter external diameter, and ETT internal diameter (21) . As Rosen and Hillard concede, their model assumes laminar flow in all parts of the system, and that the resistance of the ETT (with catheter inserted) was equal to that of a pipe with equivalent crosssectional area (15) . However, the annular shape of the ETT with catheter inserted can be expected to have greater resistance than the equivalent pipe; thus, we would expect the value of the constant in the rearranged Model 1 to be reduced. That the value of the constant, when calculated empirically in Model 2, is greater than Rosen and Hillard's theoretical value indicates that the resistance of the suction catheter may be greater than expected in comparison with the ETT (with catheter inserted).
The reason for this apparent increased resistance may be due to turbulent flow within the suction catheter. Indeed, the shape of the catheter flow data (Fig. 2) indicates a nonlinear and decreasing relationship between P suction and VЈ catheter , suggesting that flow is not laminar over the range of P suction . This finding led us to calculate Reynolds number to estimate the flow conditions likely to exist within the catheter. The values obtained suggest changing flow conditions that depend on P suction and catheter size ( Table 2 ), and that laminar flow is only likely with the combination of the smallest catheter (sizes 5 and 6 FG) and low suction pressures (80 and 120 mm Hg). We found a more accurate fit when using the turbulent flow model than a laminar model to compare P suction with VЈ catheter . Although this model is not correct for all conditions, it is a reasonable estimate of the data within the ranges of P suction and catheter size tested. Reynolds number calculations are a more difficult prospect for the ETT component of the circuit, but the increased surface area within the system when compared with the equivalent pipe is likely to increase the probability of turbulent flow. However, the cross-sectional area is greater in this part of the circuit than in the catheter for all combinations tested; therefore, average gas velocity and, thus, Reynolds number are reduced. Again, that the experimental values of TP are less than Rosen and Hillard's model predicts indicates that turbulent flow is more prevalent within the catheter than within the ETT during suction. This analysis serves primarily to explain the observed data, and also indicates that if calculations were based on Rosen and Hillard's model, the magnitude of intratracheal pressure drop during suction would be overestimated. This study has clinical implications. During suction of ETT sizes 2.5-4.0 ID, any increase in catheter size results in significantly greater ⌬P and VЈ catheter . In some instances, the combination of a smaller catheter and higher P suction results in lower ⌬P, which may be less traumatic to the tracheobronchial tree while maintaining VЈ catheter . For example, with a 3.5 mm ID ETT, a 7 FG catheter used with a relatively high P suction (200 mm Hg) may be preferable to an 8 FG catheter with low P suction as is often recommended (24, 25) . The adverse effects of negative airway pressure have been described, but acceptable levels of ⌬P remain to be determined. In an animal study, using a higher suction pressure resulted in greater tracheobronchial trauma than a lower pressure (5), although the exact value of intratracheal pressure was unknown. Generation of negative airway pressure is also assumed to lead to loss of lung volume Figure 3 . Fraction of applied pressure transmitted to the trachea plotted against cross-sectional area difference between the ETT and suction catheter. Curves represent suction catheters 5 FG (‚), 6 FG (F), and 7 FG (Ⅺ) and each data point represents use with a specific ETT size (see Table 1 ). All data expressed as mean Ϯ SD. Nonlinear regressions are of the form, TP ϭ C Reynolds numbers less than the critical value of 2000 are considered to result in laminar flow and greater than 4000 to indicate turbulent flow. Numbers between 2000 and 4000 indicate conditions where a minor disturbance is likely to revert flow to turbulent (23) . Because the suction catheter is not perfectly straight and other imperfections exist, in this experiment, Reynolds numbers above 2000 (in bold) are likely to indicate turbulent flow. (12, 15) ; the relationship between tracheal pressure and volume change will be affected by respiratory mechanics and cannot be extrapolated from our data. The results of our study are largely independent of patient conditions such as lung volume and respiratory mechanics, although these factors will influence the clinical effects of the tracheal pressure that is generated, as indicated earlier. In addition, such factors may affect the rate at which the pressure is reached, and suction may cease before the steady state being achieved depending on the duration of suction. Airway resistance, because of airway geometry or the presence of secretions, may also slow the movement of gas out of the lungs, and thus alter the rate of delivery of negative pressure to the distal airways.
Suction effectiveness must also be considered when choosing catheter sizes and suction pressures. Little is known of the impact of these variables on secretion removal. This study mimicked an open suction technique, which is widely used in clinical practice (19, 26) , but further studies are required to determine the effect of various catheter size and suction pressure combinations using a closed suction technique.
A limitation of this experiment is the exclusion of mucus from the system. As the primary indication for suction is clearance of secretions in the airway, in clinical practice the inside of the ETT and airways are likely to be coated with mucus. If the secretions cause a narrowing of the ETT, the value of ⌬P found in this experiment is likely to be increased as the area difference between ETT and suction catheter is reduced. However, if secretions partially or completely occlude the suction catheter, both VЈ catheter and ⌬P may be reduced (20) . In clinical practice, the exact amount and consistency of secretions can never be known, and it is impossible to test every potential scenario in a bench test. The scenario tested in this experiment, namely suction in the absence of secretions, is likely to occur in practice (19) , particularly if multiple passes of the catheter are made.
The bench top nature of this experiment specifically excludes effects from patient effort or physiologic variation during suctioning. A large spontaneous breath during suction may further reduce ⌬P during the procedure, but forced expiration may increase ⌬P in the presence of the obstruction by the suction catheter. Thus, we estimated that the recorded ⌬P represents the average that would be expected, even during spontaneous breathing and the corresponding dynamic changes in lung volume. Although these effects may alter the variations in ⌬P, VЈ catheter , and suction efficacy over the course of a suctioning episode, we believe that the results shown here provide a good indication of the effect of catheter size and P suction during ETT suctioning.
In conclusion, in the in vitro model, negative tracheal pressure during ETT suction is directly proportional to applied pressure, and has a nonlinear relation to suction catheter and ETT dimensions. Gas flow in the suction catheter is likely to be turbulent with most catheter and ETT combinations and this flow condition alters the predicted value of tracheal pressure.
